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Abstract 


A  theoretical  study  has  been  conducted  using  the  hJASA-Lewis  CEC  76  computer  code 
to  model  the  combustion  of  pyrotechnic  compositions  based  on  magnesmnfTefloniViton. 
The  study  examines  the  effect  of  formulation  changes  on  the  distribution  of  reaction 
products,  the  reaction  tanperature  and  the  heat  of  reaction.  The  maximum 
temperature  and  heat  are  produced  in  the  stoichiometric  fuel  concentration  whilst  the 
reaction  products  change  significantly  with  the  conccntrution  of  magnesium.  The 
Tefion  and  Viton  o.xidizers  generally  have  only  a  minor  effect  on  the  system 
thermodynamics. 

The  major  reaction  products  are  magnesium  fluoride,  magnesium  and  solid  carbon. 
The  proportion  of  carbon  as  a  combustion  product  remains  relatively  constant  over  a 
large  range  of  fuel  or  oxidant  concentrations. 

The  choice  of  the  optimal  MTV  composition  for  IR  decoy  applications  appears  to  be 
based  more  on  burn  rate  and  ignitability  reauircments  than  on  temperature,  heat  output 
or  optimization  of  reaction  products. 
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A  Theoretical  Study  of  the  Combustion 
of  Magnesium/Teflon/Viton  Pyrotechnie 

Compositions 


2.  Introduction 


Pyrotechnic  compositions  based  on  magnesium  and  Teflon  (MT  compositions) 
are  extensively  used  for  ii\fra-red  (IR)  decoy  flares  and  as  igiriter  compositions 
for  rocket  motors.  They  have  found  wide  use  in  these  applications  because  of 
the  large  quantity  of  heat  produced  by  the  oxidation  of  the  magnesium  by 
fluorine  in  the  Teflon.  Tl\e  heat  produced  by  the  oxidation  of  magnesium  with 
gaseous  fluorine  is  approximately  •  4200  cal/gram  of  reactants  (-  46.2  kj/g 
magnesium)  which  is  greater  than  the  heat  produced  by  the  oxidation  of 
magnesium  with  oxygen  at  •  3600  cal/gram  of  reactants  (-  24,8  kJ/g 
magnesium).  Most  importantly,  MT  has  an  exceptional  calorific  (energy) 
output  compared  to  most  other  fuel/oxidant  mixtures  due  to  the  high  heat  of 
fonnation  of  nvignesium  iluoride  (•  1123  kj/mole). 

For  ease  of  processing  and  enhanced  safety  the  magnesium  is  usually  coated 
with  another  fluoroprolymer,  Viton  (see  structure),  before  addition  to  the  Teflon. 
The  Viton  acts  as  a  binder,  increases  the  homogeneity  of  the  mixture,  increases 
the  design  latitude  for  fabrication  of  the  end  product,  and  protects  the 
magnesium  against  oxidation  by  moisture  during  storage.  This  composition  of 
magnesium/Teflon/Viton  (MTV)  has  many  characteristics  which  make  it  ideal 
for  the  applications  mentioned  above. 
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Teflon'  (polytetrafluoroethylene)  Viton'  (vinylidene  fluoride/hexatluoro- 

propylene  copolymer) 
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lYadc  Name,  Du  Poni. 


MTV  combustion  produces  gas,  solid  and  liquid  phase  reaction  praducts. 
These  n\ultl-phase  reaction  products  enhance  the  ei\ergy  traiwfer  process,  for 
example  in  a  recket  motor  igidter  system,  tlu-ough  tl\e  impingemetit  of  tlte  solid 
and  liquid  products  and  condensation  of  the  gast*ous  products  onto  the 
propellant  surface.  There  is  also  a  tendency  for  the  reaction  ptoducts,  upon 
expulsion  from  tl\e  igidter  or  from  the  flare  body,  to  further  react  with  their 
enviromnent  (air  and  other  gases,  the  solid  propellaiU  surface,  ingixxlionls  and 
reaction  prodttets)  w'hich  may  cnlwncc  their  effectiveness  [1].  'Hte  MTV 
com|X)sition  also  produces  a  low  brisance  output  due  to  the  low  |.■>ercentago  of 
the  reaction  products  In  the  gaseous  phase.  Tlvis  is  advantageous  for  soft 
ignition  applications  such  as  solid  propellant  rocket  motor  ignition  (2:]. 

M  TV  has  shown  excellent  environmental  and  thernwl  stability  (ageing, 
moisture  resistai\ce,  vibration,  tenq^erature  etc.)  and  good  chemical 
compatibility  witlr  most  imterials  used  in  pyiotechnic  ordnance  (2,  3).  The 
auto-ignition  temi.>eraiure  of  MTV  is  also  relatively  high  (530®C)  14)  which  aids 
it\  mectirrg  safety  requiiemeirts  and  coirfcrs  a  high  degree  of  safety  in  its 
preparation  and  handling  compared  to  some  alternate  pyrotecluric 
compositions.  MTV  can  be  readily  fabricated  in  a  wide  variety  of  forms  from 
pellets  (moulded,  extruded,  cast,  pressed)  to  granular  powder  (pressed). 

Finally,  MTV  exhibits  stable  burning  characteristics  at  sub-atmospheric 
pressures  and  its  bum  rate  shows  a  low  temperature  and  pressure  dependence 
[4]. 

While  MTV  compositions  have  some  capability  as  IR  decoys  against  some 
current  generation  anti-air  missiles,  more  discriminating  seekers  will  be  able  to 
reject  them  as  potential  targets.  The  development  of  improved  pyrotechnic 
flare  compositions  to  defeat  these  tlrreats  will  need  enhanced  IR  jxjrformance  in 
either  the  3  to  5  iim  waveband  or  the  8  to  14  pm  waveband.  It  will  be 
necessary  to  first  gain  a  sound  knowledge  of  the  performance  of  existing  IR 
flare  systems.  This  includes  not  only  data  on  dynamic  perfonnance  and 
sjsectral  characteristics  but  also  thermal  behaviour  (heat  of  reaction,  flame 
temperature)  and  the  type  and  distribution  of  the  reaction  products.  Many 
studies  have  been  conducted  on  MTV  or  MT  com|X)sitions  both  for  igniters  and 
IR  decoy  systems.  These  have  primarily  focussed  on  the  dynamic  perfomiance 
of  the  compositions  (bum  rate  characteristics,  titermoanalytical  and  combustion 
studies,  and  ballistic  studies  [1-6])  or  spectral  characteristics  [7-10];  only  limited 
thomwchomical  studies  have  been  carried  out  [2-4,  6,  10). 

This  study  presents  the  findings  of  a  theoretical  examii'jation  of  the 
thermochcmical  behaviour  of  MTV  pyrotechnic  compositions  using  a  computer 
code  to  model  their  combustion  products  and  energetics. 


2.  Theimochemical  Characteristics 


As  an  IR  radiation  source,  a  pyrotechnic  conrposilion  must  generate  sufficient 
radiation  in  the  appropriate  wavebands,  generally  3  to  5  pm  and/or  8  to  14  pm. 
The  source  of  this  radiation  comes  from  the  reaction  products  produced  during 
the  combustion  of  the  pyrotechiuc  composition  or  from  interaction  between  the 
reaction  products  and  the  surrounding  environment.  Gas  reaction  product.s 
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produce  iirfrared  endsslon  from  well  defined  "ibratioiial  Iransi  lions,  the  spectral 
frequency  being  dependent  on  Uie  molecular  vibration  excited,  while  condensed 
phase  products  usually  release  energy  as  grey  body  emission,  the  entlssion 
spectrum  bemg  dependent  only  on  the  temperature,  or  as  selected  grey  body 
emission  whicli  depends  also  on  the  molecular  structure  and  physical  properties 
of  the  particle  or  droplet.  Consequently,  the  reaction  (flame)  tempera tuie,  heat 
of  reaction,  and  leaction  product  distribution  v/ere  the  main  features  considered 
in  this  studv. 

1/ 

Where  air  was  included  in  the  calculations  as  a  reactant,  its  composition  was 
assumed  to  l>e  79%  Nj  aud  21%  O2.  All  percentages  of  reactants  and  products 
are  mass  percentage  of  the  total  mass. 


3.  Computer  Co(te 


Many  computer  codes  exist  for  modelling  tl^e  combustion  oi'  propellants, 
explosives  (detonation  and  shock)  and  pyrotcchmcs.  fhoy  have  been  used  for 
pyroteclmic  compositions,  the  most  well  ki\own  being  tl\e  BLAKE  code  [11],  the 
PEP  code  112]  and  U\e  NASA-Lewis  CEC76  code  [13].  The  CEC76  code  was 
used  for  this  study  because  of  its  significantly  greater  data  base,  its  superior 
capability  for  handling  condensed  pliase  or  condensible  reaction  products,  and 
its  proven  ability  with  pyrotechiiic  compositions  [14-17].  Ihe  CEC76  code  uses 
a  free  oncigy  minimization  technique  to  detonnlno  the  condition  for  chemical 
equilibrium. 

As  with  all  themiodynamic  codes,  the  CEC76  code  has  several  practical 
limitations.  The  assumption  of  equilibrium,  an  ideal  equation  of  state  and  the 
consideration  of  only  thermodynamic,  as  opposed  to  kinetic  factors  are  tl\e  three 
main  liniitalions  [18, 19).  Despite  these,  the  CEC76  code  has  frequently  and 
successfully  been  used  to  piedict  the  thermodynamic  behaviour  of  pyrotechnic 
combustion  for  a  wide  range  of  comjxisitions  (14-17). 

The  heats  of  formation  of  Teflon  (C2F4)n  and  Viton  (CgHs^Fs^ln  used  in  this 
study  were  •  817.5  kJ/n\ole  and  -  1394.0  kj/mole  respectively  [20,  21]. 

Tl\e  majority  of  the  computer  calculations  wore  coi\ducted  assuming  adiabatic 
combustion. 


4.  Range  of  MTV  Compositions  Examined 

In  this  study  a  comprehensive  analysis  of  the  equilibrium  performance  of  MTV 
compositions  was  conducted  for  a  range  of  fomiulalions  involving: 

1.  Changes  in  the  nvtgncsium  to  Tctlon  ratio  from  0.3  to  1.8,  corresponding  to 
formulations  with  magnesium  content  from  21%  to  64%; 

2.  Changes  in  the  jxjrcentage  of  Viton  from  1%  to  16%; 


3.  Chnngcs  in  the  percentage  of  air  included  in  the  reaction  from  0%  to  80%. 

Calculattoits  were  carried  out  at  three  oxlerital  pressures;  3500  kPa,  101  kPa 
and  50  kPn.  The  pressure  3500  kPa  was  ohosen  to  represent  high  pressure 
burniitg  and  it  is  frequently  used  as  a  stnitdard  pressure  for  sinrilar  calculations 
for  pyrotechnics  and  propellants,  llte  pressure  101  kPa  was  cho.scri  to  simulate 
burning  at  ground  level  (atmospheric)  and  50  kl’n  was  chosen  to  simulate  high 
altitude  (low  pre.sstrre)  bunting. 

AKhough  a  laige  rattge  of  MTV  formul.aliotts  wi'rc  cxamiitcd,  wo  have  given 
particular  attention  to  the  54:30:16  formulation  since  tins  and  its  01:34:5  variant 
are  used  in  almost  all  o|>crational  IR  flare  and  many  projx.'llant  igitiler  systents. 


5.  Results 

5.1  Influences  on  Combustion  Product  Distribution 

5.1.1  CImnges  to  the  Fuel  Fraction 

Figure  1  and  Tabic  1  show  the  distribution  of  the  predicted  rcactioit  pioducts 
for  adiabatic  combustion  of  MTV  at  3500  kPa  pressure.  Tlte  percentage  Viton 
was  left  constant  at  16%  and  the  magnesium  and  Tbflon  percentages  were 
varied,  covering  the  range  10%  to  80%  magnesium. 
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Figure  1:  Change  in  the  mss  distribution  of  combustion  products  ni  3500  kPa  for 
MTV  xeith  15%  Viton  and  variable  magnesium  and  Teflon  r/inss  fmettons, 


'Hk'  ftinjor  combustion  products  chnnge  as  the  percentage  of  nugnesiuin  in 
the  formulation  changes.  If  tl\e  formulotlon  is  fuel  loon  (<  20%  magnesium), 
tbc  major  toaction  products  are  C(s),  CF^fg),  MgFjtl)  and  MgFjtg).  Tlieie  ore 
ftlso  small  ninovints  of  CF^tg)  and  Hl-(g)  present.  As  the  jX'rcontngc  of 
nvtgnosiuin  in  the  MIV  incrense.’i,  theiv  mx'  .sevcrnl  changes  it\  the  apiilibrlum 
rotK'llon  products,  llwre  is  a  .significant  shift  in  the  iHiuliibrium  between 
Mgl-j(g)  and  MgFj(l),  the  CF^tg)  dlsapjx^avs,  but  the  moss  of  C(3)  remains 
alnrost  cotrstani.  As  the  fornuilation  l.jceonws  fuel  rich  (>  40%  magnesium)  the 
major  reaction  pmducts  are  MgFVg),  MgFjtl),  MgF(s)  and  C(.s),  while  Mg(g)  and 
Mg(l)  die  formed  from  unreucted  ntagnealum.  nie.se  changes  lesult  duo  to 
shlft.s  In  the  chemical  equilibrium.  There  is  also  a  decieaso  In  the  iviass  fraction 
of  MgF(g),  while  the  mass  fraction  of  C(s)  decreases  from  aiipioxinuitely  15  n.  to 
6%  because  of  the  loss  of  carbon  due  to  the  decrease  in  'Ibilon  content  (Viton 
content  is  constant).  Tlic  presence  of  Mgfg)  and  Mg(l)  confirms  that  the 
lonnuldtion  is  fuel  rich. 

When  tlie  reaction  pressure  is  reduced  (o  101  UFa  iliore  Is  no  significant 
cliaiige  in  the  reaction  producis,  although  the  magnesium  percentage  at  whicli 
they  first  appear  and  their  concentration  cliango  sliglilly  (Fig.  2,  Table  1).  This 
suggests  that  the  reaction  mechanism  is  unchanged.  The  major  change  in  the 
condensation  of  MgFjfi)  to  MgFjfs)  which  commoncos  at  approximately  60% 
magnesium. 
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Figurv  2:  Omtigc »'«  the  miss  liistribulion  of  coinhusiioH  pwducts  at  101  kPa  for 
MTV  with  16%  Vilori  atiil  variable  ttia};tKsmm  and  Tcjloti  mass  fractions. 
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I'urllioi'  I'oductioii  ill  ivuctioii  pivssuro  lo  50  kPu  (lo  siiniilato  sub-alniostpherio 
burning),  results  In  nearly  identicAl  reaction  products  to  those  fonneJ  at 
101  kPa  (l-%.  3). 
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Figure  3:  Cfuiii^c  in  the  tnnss  ilistribution  of  ctmibustion  proilucls  nt  SO  kPn  for  MTV 
wilh  16%  Vilon  and  pnriahle  ningnesiinii  nnd  Teflon  moss  fractions. 


The  mass  of  condensed  phase  reaction  products  at  all  throe  pressures  is 
showti  in  Figure  4.  Tire  initial  ciecreaso  in  the  mass  of  the  condensed  phase 
reaction  products  is  due  almost  exclusively  to  the  decrease  in  the  mass  fraction 
of  iMgFj(l)  with  increasing  magnesium  percentage  (MgFjtl)  -v  Mgl'jCg)).  This  is 
most  nolitXMble  for  the  reaction  at  3500  kPa.  Further  increase  in  the 
magnesium  percentage  increases  the  mass  of  condensed  phase  products  with 

nf  i»nr?  V.'4on\  Pnr  r'r\n'\r>fMiUinr\o 

. . .  '  ’  "'ly' ....V.  . . . - . 

more  than  approxin^itcly  60%  nvignesiunv  more  than  half  the  reaction  products 
are  U\  the  condeivsed  phase. 


5.1.2  Changes  to  the  Viton  Concentration 

If  the  magnesium  to  Teflon  ratio  Is  constant  and  the  Viton  percentage  varied 
from  1%  lo  10%,  there  is  little  effect  on  the  reaction  products  (Figs  5,  6  and  7). 
This  suggests  that  the  reaction  mechanism  remains  essentially  unchanged  over 
this  range  of  Viton  percentages. 

It  may  however  be  obrerved  tliat  nt  high  magnesium  to  Teflon  ratios  increases 
in  the  Viton  content  result  in  decreases  in  the  mass  fraction  of  MgF2(l)  and 
Mg(g).  Similarly  the  proportions  of  MgFjfg)  and  the  carlxinaccons  products 
display  small  variations  in  resixrnse  to  changes  in  the  Viton  comciu. 
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Figure  4:  Clmttge  in  the  mass  of  condensed  phase  combustion  products  for  MTV  xvith 
16%  Viton  and  variable  magnesium  and  Teflon  mass  fractions  at  3500  kPa,  101  kPa 
and  50  kPa. 


Figure  5;  Mass  distribution  of  combustion  products  at  101  kPafor  MTV  with  1% 
Viton  and  a  variable  magnesiumJFeflon  mass  ratio. 
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Figure  6:  Mass  distribution  of  combustion  products  at  101  kPa  for  MTV  xvith  5% 
Viton  and  a  variable  magnesiumxTeflon  mass  ratio. 
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Figure  7:  Mass  distribution  of  combustion  products  at  101  kPa  for  MTV  with  10% 
Viton  and  a  variable  magnesium:Teflon  mass  ratio. 
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5.2.3  Combustion  with  Air  as  a  Reactant 


MTV  flares  are  usually  bun\t  in  air  and  modelling  their  combustion  should 
include  air  as  one  of  the  reactants.  Several  calculations  were  carried  out  for 
MTV  (54:30:16)  at  several  pressures  with  air  added  as  a  reactant  with  the  MTV 
(0%  to  80%  air  with  100%  to  20%  MTV).  Figures  8  and  9  show  the  distribution 
of  the  principle  reaction  products  at  3500  kPa  pressure. 


0  20  40  80  !00 
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Figure  8;  Variation  of  the  mass  distributi''’^  urn  combustion  products  at 

3500  kPa  for  standard  MTV  (54:30-16)  '  '  a-..  the  mass  fraction  of  air. 


Figure  8  shows  the  preference  for  magnesium  to  react  with  the  fluorine  in  the 
Teflon  or  the  Viton  forming  predonainantly  MgF2(l)  rather  than  reacting  with 
the  O2  from  the  air  to  form  MgO(s).  There  is  excess  Mg(g)  for  air  fractions  up 
to  80%  air  and  although  at  30%  air  MgCHs)  begins  to  form,  it  does  not  constitute 
a  significant  reaction  product  until  the  amount  of  air  is  greater  tlian  60%.  As 
the  jjercentage  of  air  increases,  the  C(s)  reaction  product  begins  to  undergo  a 
secondary  reaction  with  the  O2  to  form  CCKg)  and  CC^(g).  The  preferred 
reaction  product  at  low  air  fractions  is  CCKg)  but  this  fonns  as  the 

amount  of  air  increases  and  more  O2  becomes  "available". 


Reaction  product  mass  fraction. 


Figure  9:  Variation  of  the  nmss  distribution  of  non-rmgnesium  combustion  products 
at  3500  kPa  for  standard  MTV  (54:30:16)  with  changes  in  the  mass  fraction  of  air. 

Reducing  the  pressure  to  101  kPa  decreases  the  mass  fraction  of  MgFjd)  and 
increases  the  mass  fraction  of  MgF2(g).  All  other  reaction  products  remain  at 
similar  percentages  to  the  3500  kPa  results  for  all  air  fractions. 

The  N2  in  the  air  does  not  appear  to  take  part  in  any  reactions;  this  is  due  to 
the  limitations  of  the  code  and  the  lack  of  relevant  product  data  in  the  data  base 
(see  Section  6.1). 


5.2.4  Replacermnt  of  Teflon  by  Viton 

If  the  magnesium  content  is  fixed  at  54%  and  the  ratio  of  Teflon  and  Viton  is 
varied,  the  major  reaction  products  are  C(s),  Mg(g),  MgFjd)  and  MgFjfg).  As 
the  Teflon  is  replaced  by  Viton,  the  amount  of  C(s)  increases  due  to  the 
increased  percentage  of  carbon  in  the  Viton.  The  mass  fraction  of  MgFjfl) 
increases  at  the  expense  of  MgFjfg)  due  to  an  equilibrium  shift.  There  is  also  a 
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minor  increase  in  the  amount  of  hig(g)  and  a  decrease  in  the  amount  of  the 
MgF(g)  radical.  This  behaviour  is  true  at  both  3500  kPa  and  101  kPa  reaction 
pressure. 

5.1.5  Temperature  Change 

If  the  combustion  pressure  is  fixed,  significant  changes  in  the  composition  of 
the  reaction  products  occur  as  the  temperature  decreases.  Figure  10  depicts 
this  for  MTV  (54:30:16)  at  a  pressure  of  3500  kPa.  As  the  temperature 
decreases  the  excess  magnesium  changes  from  the  gas  phase  to  a  liquid  to  a 
solid;  this  is  due  to  simple  shifts  in  the  equilibria  with  temperature.  Similarly, 
the  MgF2(l)  solidifies  and  MgF2(s)  forms  below  approximately  1600  K.  The 
mass  fraction  of  C(s)  remains  relatively  constant  at  all  temperatures. 


Figure  10:  Giange  in  the  mass  distribution  of  combustion  products  at  3500  kPa  for 
standard  MTV  (54:30:16)  after  coaling  from  2000  K  to  500  K. 
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If  the  pressure  is  teduced  to  101  kPa  (Fig.  11),  the  excess  magnesium 
undergoes  an  equilibriunr  shift  from  Mg(g)  to  Mg(l)  to  Mg(s)  similar  to  that 
observed  at  3500  kPa.  As  the  temperature  decreases,  the  mass  fraction  of 
MgF(g)  and  MgF2(g)  decrease  and  that  for  MgFjd)  increases.  Around  1500  K 
there  is  an  equilibrium  shift  as  MgFjd)  solidifies  to  form  MgFjfs).  'Fire  mass  of 
C(s)  remains  relatively  constant  throughout  the  temperature  range  studied. 
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Figure  11:  Change  in  the  mass  distribution  of  combustion  products  at  101  kPa  for 
standard  MTV  (54:30:16)  after  cooling  from  3000  K  to  500  K. 

The  main  differences  between  the  reaction  products  at  3500  kPa  and  at 
101  kPa  are  a  decrease  in  the  yield  of  Mg(s)  formed,  and  an  increase  in  the 
yield  of  MgF2(s)  produced  as  the  temperature  of  the  reaction  products 
decreases. 

These  results  indicate  that  the  reaction  products  formed  after  expansion  from 
the  flame  front  to  ambient  temperature  and  pressure  are  MgF2(s),  Mg(s)  and 
C(s). 
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5.2  Influences  on  Reaction  (Flame)  Temperature 

5.2.1  Changes  to  the  Percentage  Fuel 


Figure  12  displays  the  change  in  the  reaction  temperature  with  increasing 
magnesium  and  decreasing  Teflon  percentage  (Viton  constant  at  16%)  for  MTV. 
The  magnesium  percentage  for  a  stoichiometrically  balanced  system  is 
approximtitely  33%  which  corre-sponds  closely  witlr  the  position  of  the 
maximum  reaction  temperature  (approxinaately  3500  K).  As  the  magnesium 
percentage  increases  to  the  stoichiometric  value  the  reaction  temperature 
increases  and  then  decreases  with  further  increases  in  the  magnesium 
percentage.  As  the  reaction  pressure  decreases,  the  reaction  temperature 
decreases.  The  overall  change  in  temperature  with  magnesiun\  percentage 
remains  similar  at  all  pressures. 


Teflon.  I 
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Figure  12:  Variation  of  the  reaetbn  temperature  for  MTV  (16%  Viton)  xoith  change 
in  the  mass  of  magnesium  and  Teflon  at  3500  kPa,  101  kPa  and  50  kPa. 
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Change  in  the  reaction  temperature  for  several  magnesium  to  Teflon  ratios  at 
101  kPa  pressure  is  shown  in  Figure  13.  The  maximum  reaction  temperature 
occurs  at  a  ratio  of  0.5  (approximately  33%  magnesium)  for  all  percentages  of 
Viton.  Increasing  the  magnesium:  Teflon  ratio  from  0.25  to  0.5  increases  the 
reaction  temperature.  Further  increase  in  the  nvtgnesium  to  Teflon  ratio  from 
0.5  to  1.0  decreases  the  reaction  temperature.  For  ratios  greater  than  1.0,  the 
reaction  temperature  decreases  at  a  slower  rate. 

The  effect  of  Viton  percentage  on  the  reaction  temperature  is  also  depicted  in 
Figure  13.  Interestingly,  large  variatioits  in  the  Viton  content  (1%  to  10%)  do 
not  significantly  alter  tlte  reaction  temperature.  The  10%  Viton  formulatioix 
shows  a  lower  reaction  temperature  than  the  5%  or  1%  formulations  in  the  ratio 
range  0.25  to  0,5  (fuel  leair).  At  ratios  greater  thair  0.5  the  situatioir  is  reversed. 
This  is  possibly  due  to  the  formation  of  MgFjfg);  for  ratios  up  to  0.5  the  10% 
Viton  formulations  show  a  smaller  percentage  MgF2(g)  reaction  product  than 
for  1%  aird  5%  formulations.  At  ratios  greater  than  0.5  the  10%  Viton 
formulation  produces  mote  MgF2(g)  that\  that  for  the  1%  and  5%  formulations. 


0  0.5  1,0  i.5  2.0 

Magnesium  '  Teflon  mass  ratio 


Figure  13:  Variation  of  the  reaction  tanperature  of  MTV  at  101  kPa  with  change  in 
the  tnagnesiumiTeflon  mass  ratio  and  Viton  percentage. 
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j  As  the  reaction  pressure  decreases,  the  reaction  temperature  decreases  as 

1  observed  in  Figure  12. 


5.2.2  Air  Fraction 

Figure  14  shows  the  reaction  temperature  for  MTV  (54:30:16)  with  air  included 
as  a  reactant.  At  3500  kPa  pressure,  the  initial  reaction  temperature  decreases 
as  the  air  fraction  increases  up  to  approximately  30%  air.  As  more  air  is 
added,  the  reaction  temperature  increases.  A  similar  effect  occurs  at  lower 
pressures,  although  at  low  proportions  of  added  air  there  is  an  iiutiul  increase 
in  temperature.  At  all  pressures  the  nunimuin  reaction  temperature  occurs  at 
approximately  30%  air  fraction,  i.e.  70%  MTV.  Comparison  of  Figure  14  with 
Figure  12  indicates  that  the  reaction  temperature  of  MTV  (54:30:16)  cai\  bo 
greater  in  air  thait  itr  the  absence  of  air. 


Figure  14;  Variation  of  the  reaction  tenifxrature  for  standard  MTV  (54:30:16)  with 
change  in  the  air  tnass  fraction  at  3500  kPa,  101  kPa  and  50  kPa. 


22 


5.2.3  Changes  to  the  Percentage  of  Teflon  and/or  Viton 

If  the  magnesium  content  is  fixed  at  54%  and  the  proportion  of  Itetlon  and 
Viton  varied,  tl\cn  there  are  slight  changes  In  the  reaction  temperature.  At 
reaction  pressures  of  3500  kPa  and  101  kl’a,  replacing  the  Vilon  with  Teflon 
causes  a  small  increase  in  the  reaction  temperature  (Fig.  15).  Tire  effect  is  more 
pronounced  at  the  higher  pressure. 


Teflon.  Z 

Figtne  15:  Ctuingc  in  the  reaction  km{vrature  at  3500  kPa  and  Wi  kPa  of  MTV 
containing  54%  magnesium  as  the  percentage  of  Teflon  is  increased  and  the  percentage 
of  Viton  is  decreased. 


53  Influences  on  Heat  of  Reaction 

5.3.1  Changes  in  the  Fuel  Content 

The  heat  of  reaction  was  calculated  from  the  computer  output  front  the 
difference  in  enthalpy  of  the  reactants  at  300  K  and  the  products  at  the  reaction 
tentperalure.  lliis  procedure  has  been  shown  to  give  a  good  estimate  of  the 
heat  of  reaction  of  pyrotechnic  compositions  [2,  3, 18). 
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Figure  16  shows  that  at  3500  kPa  pressure  the  heat  of  rendlon  increases 
(becomes  more  negative)  with  magnesium  peicent  to  n  mnximiim  of 
opproxiinntely  9.2  kj/g  at  about  33%  nwgi\eslum  level.  Tl^is  closely 
corrcsiy.-ids  to  the  stoichiometric  point  for  the  reaction.  Increase  in  magnesium 
beyond  33%  deaeascs  the  heat  of  reaction.  Tl\is  type  of  behaviour  is  typical  of 
many  pyrotochiuc  comjiositlons. 
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Figure  16;  Heal  of  reaction  at  3500  kPn  of  MTV  (16%  Viton)  with  change  in  the 
ffiijss  fraction  of  magnesium  and  Teflon. 

If  the  proportion  of  Viton  is  altered,  the  heat  of  reaction  citangos  marginally 
(Fig.  17).  Interestingly,  for  magnesium  to  Teflon  ratios  greater  than  0.9 
(approximately  40%  magnesium),  10%  Viton  fornrulations  prorluce  a  greater 
heat  of  tcaction  than  those  with  1  %  Viton.  For  ntaguesiunr  to  Teflon  ratios  loss 
than  0.9,  the  process  is  nx>re  complex;  at  sonte  ratios  the  greater  heat  of 
reaction  wcurs  for  the  lower  Viton  content  formulation  whilst  the  revorso  is 
true  at  other  ratios. 
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Figure  17:  Varutlions  of  the  heat  of  reaction  at  3500  kPa  for  MTV  with  change  in  the 
niiigncfiiiunTeflon  moss  ratio  and  the  Viton  percentage. 


5.3.2  Air  FructUm 

If  air  is  added  as  a  rcactom  to  the  MTV  (54:30:16)  formulation,  the  heat  of 
reaction  initially  increases  \ip  to  appro  o  'atoly  20%  air  and  then  decreases  as 
further  air  is  added  (Fig.  18). 
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ht^uiv  w:  V’(jnri(ii»«  0/  t'tu’  heat  i»/  n’aauvt  at  .hik't  kPn  /or  snnitiniii  MTV  i54:3iTii>/ 
with  liuai^e  in  the  mass  fraction  of  air. 

6,  Discussion 

6>1  Reaction  Products 

The  MTV  combustion  nviy  bo  cburactcrizwl  by  the  following  equations: 


Fuel  Rich:  MTV ->  MgFj(3  +  ^  +  1)  +  Mg(g  ♦  1)  ♦  C(s)  +  MgF(g)  (1) 


Fuel  Lean;  MTV  ->  MgFj{g  >^1)  +C(»)  +CF^(g)  (2) 

Stolch^on^et^lc:  M1V  — »■  MgFj(g +1) +C(8>  (3) 


As  the  prcssuiv  dccreoscs,  shifts  in  equilibrium  occur  cA\«ping  the  formntion  of 
new  reaction  products  and  different  ratios  of  solid,  liquid  and  gas  phases  of  the 
Siune  prodtK'ts.  Tire  most  significant  change  in  phase  occurs  with  MgFj. 

Tirese  equations  list  only  the  major  reaction  products  (each  with  at  least  10% 
of  llu'  reaction  product  mass).  Tire  other  products  that  form  ore  mainly  CFjtg) 
and  MFtg).  Tl\c  HF(g)  foriYis  from  the  dcconqxisttlon  of  the  Viton  which 
cotuains  hydrogen.  It  does  not  form  fronr  the  Tbflon. 

I'iK'sc  results  agree  with  otl\er  published  studies,  Ferelz  141  described  a 
simplificci  combustion  scheme  for  stoicluomelne  and  fuel  rich  MTV 
comjHisiiions  by  the  ivaelion: 


inMg  +CjF^  ^ '  2)MgFj 
+  3.5n  I  IF  +  {5n  r  2)C  +  (m  -  1.5n  - 2)Mg 


This  oqtration  was  determined  thcoielically.  Tire  only  additional  product  to 
our  calculations  (Equations  (1),  (2)  or  (3)),  is  HF.  Our  calculations  Clhblc  1) 
slrowcd  tlral  altliough  HF(g)  is  present  as  a  reaction  product,  in  most 
fonnulations  it  was  «  5%  by  nviss  of  U\e  total  combustion  products  ond  wos 
noglocted  in  detennining  the  major  reactions.  Tltcnnochcmical  calculations 
based  on  JANAF  tables  have  also  indicated  that  MgF^fg)  and  C(s)  aie  the 
principal  products  of  combustion  ot  the  stoiriuomeiric  conuxisiiion  i22i.  Fur 
fuel  rich  and  fuel  lean  systcn'is  sindlnr  results  to  ours  were  obtaincxi  but  die 
CI'.C76  code  generally  prcrUcts  that  lower  mass  fractions  of  C(s)  are  formeit. 
Kubota  151  theoretically  calculated  the  major  i-eaclion  products,  at  2050  kPa,  as 
Mg(g,l),  C(s)  aiul  MgFj(g,l).  Griffiths  et  al.  123)  studied  the  isothonnal  thcnnal 
dcTOinposition  of  MT  formulations  using  simultaneous  DTA/DTG.  In  an  inert 
gas  (argon)  the  ptxKlucls  of  reaclioit  wore  delomtincd  to  bo  C(s),  unrcactod 
Mg(s),  and  MgFj.  Tltese  results  agree  with  our  computer  predictions  altliouglt 
Griffiths  et  al.  also  suggest  tltot  a  carboit-nutgnesium  reaction  couU,  Iw 
occurring  at  high  temixjratures  (960*0.  The  contpuler  code  considers  MgCj 
and  Mg7C3  as  jxtssible  reaction  products,  but  it  predicts  that  only  MgCj  forms 
and  in  such  a  minor  amount  as  to  be  negligible  (<  5  x  lO^  mole). 

Eckstrom  ci  al.  17)  also  conducted  theoretical  and  exj)orimontal  studios  of  MT 
combustion.  He  iwstulatcd  that  the  stoichiometry  of  the  reaction  was; 
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2Mg+C2F^  ^  2MgF2+2C(s) 


(5) 


For  fuel  rich  formulations,  Mg  and  MgF  also  form,  although  the  MgF  was 
present  in  only  small  amounts.  For  a  fuel  lean  formulation  CF4  was  the  only 
additional  product.  These  results  agree  very  well  with  our  results.  Eckstrom's 
calculations  also  confirm  our  finding  that  the  proportion  of  C(s)  in  the  reaction 
products  is  almost  independent  of  the  initia!  MTV  formulation.  This  is  a 
critical  result  as  the  solid  carbon  is  considered  to  be  the  major  source  of  IR 
radiation  from  MTV  flares.  This  is  probably  due  to  grey  body  radiation  from 
the  hot  carbon  particles.  Wlrat  is  surprising  is  that  C(s)  is  present  in  relatively 
small  quantities  (<  20%)  for  almost  ail  formulations  and  conditions,  yet  this 
would  appear  to  be  sufficient  to  be  successful  as  a  decoy  system.  Other  results 
from  the  CEC76  code  indicate  that  for  a  constant  fuel  to  oxidant  ratio,  replacing 
the  Teflon  with  Viton,  up  to  10%  Viton,  has  little  effect  on  tlte  reaction  products 
except  for  the  formation  of  HF(g)  horn  the  Viton. 

As  the  temperature  of  the  reaction  products  decreases  from  the  reaction 
temperature  to  ambient,  changes  in  the  reaction  products  are  driven 
predominantly  by  simple  shifts  in  the  chemical  equilibrium.  For  all  pressures, 
the  major  reaction  products  formed  from  the  combustion  of  MTV  and 
subsequent  cooling  to  ambient  temperature  and  pressure  are  MgF2(s),  Mg(s) 
and  C{s),  Combustion  of  MTV  in  air  produces  predominantly  MgF,  and  Mg; 
a  significant  amount  of  MgO  begins  to  fomi  only  when  the  amount  of  air 
exceeds  approximately  60%  of  the  total  reactants.  The  proportion  of  C(s) 
decreases  rapidly  as  the  air  fraction  increases  and  disappears  completely  at 
approximately  50%  air  (50%  MTV).  Tlus  is  due  to  the  reaction: 


3C  f  20j  2CO  +CO2 


(6) 


This  loss  of  carbon  will  have  a  significant  effect  on  the  joerformance  of  an  IR 
decoy  flare  based  on  MTV. 

As  noted  in  Section  5.13  the  in  the  air  appears  to  be  unreactive.  This 
result  is  unexpected  given  that  from  biomb  calorimetry,  the  heat  of  explosion 
(HOE)  for  MTV  in  N2  is  greater  than  in  aigon  (1.7  kcal/gram  and  1.4  kcal/gram 
respectively)  (22).  The  enhanced  HOE  in  nitrogen  has  been  attributed  to  the 
formation  of  Mg3N2;  thaefore  nitrogen  is  not  inert  but  lakes  an  active  part  in 
the  MT  V  combustion. 

Examination  of  the  computer  output  shows  that  nitrides  of  magnesium  are 
not  present  in  its  data  base  and  are  therefore  not  considered  as  possible  reaction 
products.  This  highlights  one  of  the  severe  limitations  of  the  use  of  this 
computer  code  to  predict  combustion  processes  and  introduces  a  possible 
significant  error  in  the  predicted  output. 

Griffitlis  et  al.  (231  studied  the  decomposition  of  magnesium/Teflon  in  air  and 
identified  the  reaction  products  as  Mg,  MgO  and  MgF2,  but  no  details  of 
relative  proportions  of  each  were  presented.  Eckstrom  et  al  [7]  also 
determined  reaction  products  for  MTV  burnt  with  air  in  a  closed  bomb  and 
reported  that  MgO  was  the  predominant  reaction  product  up  to  approximately 


60%  magnesium;  then  MgF2  l>eoomes  predominant.  Tlus  situation  may  be 
attributed  to  the  influence  of  kinetics  in  the  reaction;  although 
thcnnodynamically  MgF2  is  favoured,  the  rate  of  MgO  formation  is  faster  than 
the  rate  of  MgF2  formation.  Tins  finding  questions  the  validity  of  the 
computer  predicted  results  for  MTV  combustion  in  the  presence  of  air  and 
highlights  another  limitation  of  the  computer  code  -  the  total  reliance  on 
thermodynamics  and  the  absence  of  kinetic  factors.  It  should  be  noted  that  the 
incorporation  of  kinetic  data  in  a  computer  code  is  complex  and  relics  on 
detailed  knowledge  concerning  each  of  many  possible  reaction  processes. 
Thermodynamic  modelling  does  however  provide  a  useful  indication 
concerning  the  direction  of  chemical  reactions  and  in  the  absence  of  kinetic  data 
allows  the  exploration  of  how  the  reactant  composition  and  temperature 
influence  the  reaction  products. 


6.2  Reaction  Temperature 


The  change  in  the  reaction  temperature  with  percentage  magnesium  displays  a 
pronounced  peak  and  the  maximum  temperature  of  approximately  3500  K 
occurs  at  the  stoichiometric  magnesium  percentage  (Fig.  12).  This  compares  to 
approximately  3700  K  at  atmospheric  pressure  from  calculations  based  on 
lANAF  thermochemical  tables,  which  also  showed  a  maximum  reaction 
temperature  at  a  magnesium  weight  fraction  of  033  [22]. 

Comparison  of  Figvws  12  and  4  shows  that  the  minimum  mass  of  condensed 
phase  reaction  products  is  reached  at  the  maximum  reaction  temperature  where 
we  expect  the  highest  proportion  of  products  in  the  gas  phase.  For  the  fuel 
rich  formulations,  as  the  reaction  temperature  decreases,  the  mass  of  condensed 
phase  reaction  products  increases  as  expected.  From  Figures  1  and  2  the 
maximum  reaction  temperature  corresponds  to  the  maximum  MgFjfg)  product 
formed.  Figure  13  also  shows  that  the  reaction  temperature  is  not  significantly 
altered  by  changes  in  the  Vilon  content  of  the  formulation  from  1%  to  10%. 

Tire  addition  of  oxygen  (as  air)  to  the  reaction  has  a  greater  effect  on  the 
reaction  temperature  at  lower  pressures;  increasing  the  air  content  to  over  30% 
by  mass  generally  increases  the  reaction  temperature. 

If  the  percentage  Teflon  is  increased  at  the  expense  of  the  Viton  (Fig.  15),  the 
reaction  temperature  increases  marginally  due  to  the  more  positive  heat  of 
formation  for  Teflon  compared  to  Viton. 


6.3  Heat  of  Reaction 


The  maximum  heat  of  reaction  occurs  at  the  stoichiometric  magnesium 
percentage.  Figure  16  shows  the  parabolic  relationship  between  heat  of 
reaction  and  the  percentage  fuel  typical  of  a  pyrotechnic  formulation.  At 
magnesium  percentages  greater  than  approximately  40%,  the  heat  of  reaction 
increases  with  increasing  Viton  content  (Fig.  17).  This  effect  is  not  due  directly 
to  the  Viton.  As  the  Viton  percentage  increases,  the  relative  magnesium 
percentage  decreases.  From  Figure  16,  as  the  magnesium  percentage  decreases, 
the  heat  of  reaction  decreases.  Below  40%  naagnesium,  changes  in  the  Viton 


I 

1 

I  content  have  little  effect  on  the  heat  of  reaction. 

The  heat  of  reaction  may  be  increased  by  including  air  as  a  reacunt  up  to 
20%  air  (Fig.  18).  For  the  MTV  formulation  (54:30:16),  addition  of  20%  air  as  a 
reactant  significantly  increases  the  heat  of  reaction  from  approximately  6.3  kj/g 
to  approxinnatcly  8.0  kJ/g.  If  MgO  is  formed  in  subst'^intial  amounts,  as 
>  indicated  by  Eckstrom  et  al.  [7],  we  would  expect  that  the  heat  of  reaction 

would  not  increase  as  much  due  to  the  more  positive  heat  of  formation  of  MgO 
compared  to  MgFj.  Fbr  percentages  of  air  >  20%,  the  heat  of  reaction 
decreases  significantly. 


6.4  IR  Decoy  Flare  Design 

These  results  show  that  the  maximum  reaction  temperature  and  the  maximum 
heat  of  reaction  occur  near  the  stoichionretric  MTV  formulation,  i.e. 
approximately  33%  mag;nesium.  Why  then  do  standard  extruded  MTV  decoy 
flares  use  a  foimulation  based  on  54%  magnesium? 

In  the  design  of  decoy  flares,  the  amount  of  Viton  in  the  formulation  is 
largely  governed  by  the  manufacturing  method.  For  example,  if  the  flare  is 
pressed,  low  percentages  of  Viton  nnay  be  used;  if  the  flare  is  extruded,  larger 
quantities  are  required.  This  leaves  the  amount  of  magnesium  and  Teflon  to 
txi  varied  to  meet  the  specification  fbr  the  end  use  of  the  system.  It  would 
seem  logical  that  the  magtresium:Teflon  ratio  is  based  on  three  major 
requirements  —  ignitability,  bum  rate  and  performance  (decoy  effect). 

Firstly,  in  the  design  of  pyrotechnic  systems  it  is  usual  to  have  a  fuel  rich 
system  to  enhance  the  system  ignitability.  Secondly,  as  Kubota  et  al.  [22]  have 
noted,  the  bum  rate  for  MTV  formulations  inaeases  with  decreasing  reaction 
temperature.  Our  results  have  shown  that  decreasing  reaction  temperature 
occurs  for  increased  magnesium  percentage.  For  decoy  applications,  the  MTV 
formulation  must  have  a  very  high  bum  rate  which  requires  a  high  magnesium 
peiccntage.  Also,  pressure  has  little  effect  on  the  flare  bum  rate  at  high 
magnesium  concentrations  but  can  influence  it  at  low  magnesium  mass 
fractions  [22].  Finally,  the  IR  output  of  MTV'  flares  has  b^n  suggested  to  be 
largely  due  to  the  grey  body  radiation  from  the  hot  carbon  particles  [7].  Our 
results  have  shown  that  the  mass  fraction  of  C(s)  is  not  very  dependent  on  the 
percentage  of  magnesium  for  a  wide  range  of  temperatures  and  pressures. 
Therefore,  high  nragnesium  percentages  do  not  significantly  reduce  the  decoy 
effect  of  the  MTV  formulation. 

These  facts  indicate  that  although  the  magnesium  percentage  in  standard 
MTV  compositions  is  far  from  ideal  in  terms  of  heal  of  combustion  and  reaction 
temperature,  it  has  probably  been  optimized  for  bum  rate  and  ignitability, 
while  retaining  acceptable  decoy  performance. 


6,5  MTV  Igniter  Design 


Although  this  report  has  concentrated  on  the  use  of  MTV  as  an  IR  decoy  flare 
composition,  some  conunent  on  its  use  as  a  rocket  motor  (propellant)  igniter 
composition  is  warranted.  As  noted  previously,  the  preferred  formulation  for 


30 


MTV  for  this  application  is  (61:34:5).  Examination  of  Figures  1  to  18  again 
indicate  that  this  approximate  formulation  does  not  appear  to  be  optimized  for 
reaction  temperature,  heat  of  reaction  or  mass  of  condensed  phase  reaction 
products.  But,  interestingly,  the  formulation  appears  to  produce  close  to  the 
maximum  percentage  MgFj  (1)  and  some  MgF2  (s)  both  of  which  would  be  very 
efficient  heat  transfer  m^ia.  The  high  magnesium  content  would  impart  good 
ignitability  and  a  fast  bum  rate  similar  to  the  result  for  the  IR  decoy 
composition. 


7.  Conclusions 


The  theoretical  study  of  the  combustion  of  MTV  compositions  has  shown  that: 

1.  The  major  reaction  products  are  MgF2(s),  Mg(s),  and  carbon. 

2.  Increasing  the  Viton  content  or  replacing  the  Viton  with  Teflon  has  only 
minor  effects  on  the  reaction  products. 

3.  The  proportion  of  solid  carbon  produced  is  not  very  dependent  on  the 
formulation  and  temperature. 

4.  Changes  in  the  combustion  pressure  mainly  effect  the  equilibrium 
relationship  between  the  gas  and  liquid  phases  of  MgF2  and  Mg. 

5.  When  burnt  in  air,  it  is  difficult  to  predict  the  reaction  product  distribution 
principally  due  to  the  limited  data  base  of  the  code,  but  also  due  to  the 
need  to  include  reaction  kinetics  in  the  comjosition. 

6.  The  reaction  temperature  is  at  a  maximum  at  the  stoichiometric  magnesium 
percentage,  i.e.  approximately  33%. 

7.  The  reaction  temperature  increases  marginally  with  increasing  Viton 
or  Teflon  mass  percentage  when  the  proportion  of  magnesium  remains 
constant. 

8.  The  reaction  temperature  is  greater  in  air  than  in  an  inert  environment  and 
it  increases  with  increase  in  air  concentration  above  30%  of  total  mass, 
particularly  at  low  pressures.  This  conclusion  may  be  affected  by  addition 
of  Mg3N2  ir.  the  data  base  of  the  code  and  inclusion  of  reaction  kinetics 
parameters. 

9.  The  heal  of  reaction  is  a  maximum  at  the  stoichiometric  magnesium 
percentage. 

10.  The  heat  of  reaction  is  less  when  MTV  is  burnt  in  air  (O2  with  inert  N2) 
than  in  an  inert  environment  (argon). 


11.  The  choice  of  54%  magnesium  for  the  standard  MTV  decoy  flare  is 
probably  to  achieve  high  ignitability  and  bum  rate  rather  than  maximum 
reaction  temperature  or  heat  of  reaction. 

12.  The  choice  of  61%  magnesium  for  the  standard  MTV  igniter  composition  is 
probably  to  achieve  high  MgF2  (1  +  s)  mass  fraction  for  efficient  heat 
transfer  to  the  propellant  surface  rather  than  maximum  heat  of  reaction  or 
reaction  temperature. 
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